Abstract The femoral intercondylar notch has been an anatomic site of interest as it houses the anterior cruciate ligament (ACL). The objective of this study was to arthroscopically evaluate the femoral notch in patients with known ACL injury. This evaluation included establishing a classification for notch shapes, identifying the shape frequency, measuring notch dimensions, and determining correlation between notch shape, notch dimensions, and demographic patient data. In this clinical cohort study, 102 consecutive patients underwent diagnostic arthroscopic evaluation of the notch. Several intra-operative photos, videos, and measurements were taken of the notch. Demographic data for each patient were recorded including age, gender, height, weight, and BMI.
Introduction
The femoral intercondylar notch has been an anatomic site of interest as it houses the anterior cruciate ligament (ACL). The femoral notch has been studied in multiple ways to determine whether any anthropometric notch variations serve as a risk factor for ACL injury. Absolute notch width, notch width index, notch area, notch shape, and notch outlet dimensions have been evaluated with mixed results. Some studies have found a correlation between a narrow notch width-or smaller notch width index [2, 3, 8-10, 12, 16, 18] -and ACL injury while other studies have failed to reach that conclusion [13] . It has also been shown in multiple studies that female athletes have a greater propensity for ACL injury compared to male athletes [4, 6, 7, 14, 20] . Further research has suggested that a possible risk factor for this observation is that women have smaller ACLs and also have a narrower notch than men [4] .
To date, all of these studies have used imaging or cadaveric specimens to evaluate the notch to draw their conclusions. To our knowledge, no study has evaluated the notch arthroscopically in vivo to determine notch shape and dimensions. The objective of this study was to arthroscopically evaluate the femoral notch in patients with known ACL injury. This evaluation included establishing a classification for femoral notch shapes and identifying their frequency in ACL-injured patients. In addition, the notch dimensions were arthroscopically measured and these dimensions were correlated with notch shape. The present study also sought to compare notch shape and notch dimensions to demographic patient data to evaluate demographic risk factors associated with having a particular notch shape or dimension. Finally, it was determined whether any particular notch shape may discourage doublebundle ACL reconstruction.
The primary hypothesis of this study was that it would be possible to identify a particular notch shape that is correlated with the smallest notch dimensions. Our secondary hypothesis were that this identified notch shape is more prevalent in the female subjects evaluated in this study and that this study would show that women have smaller notch dimensions than men, regardless of notch shape.
Materials and methods
Institutional review board approval was obtained prior to undertaking this study. All primary anterior cruciate ligament reconstructions performed by the senior author in a 1 year span between 10/1/2008 and 10/1/2009 were included in the study. Exclusion criteria were patients with morphologic knee anomalies, patients with open growth plates, patients with a history of prior knee ligament reconstruction (including ACL, meniscus, and PCL) or notchplasty (including wallplasty), patients with a history of distal femoral, proximal tibial, or patellar fracture, and patients with knee arthritis (grade 3 Outerbridge or higher) with associated osteophytes seen on plain radiograph, MRI, or arthroscopy. Ultimately, 102 consecutive patients (less the exclusions) were selected for this study.
Each patient underwent a diagnostic arthroscopic evaluation of their knee followed by evaluation of the notch. Through an anterolateral portal and an anteromedial portal with a direct view of the femoral notch, multiple arthroscopic photos and an arthroscopic video were taken of the notch. Next, with an arthroscopic ruler [Smith and Nephew, Andover, MA], several measurements were taken of the femoral notch. At the notch outlet, the width at the base of the notch, the width in the middle of the notch, and the width at the top of the notch were measured in millimeters with an arthroscopic ruler (Fig. 1a-c) . The height of the notch was also measured (Fig. 1d) . Demographic data for each patient were recorded including age, gender, height, weight, and body mass index (BMI). The anterior cruciate ligament was then reconstructed along with other necessary (reconstructive) procedures.
Once the digital photographs and digital videos were compiled, a classification of notch shapes based on a prior study by Anderson et al. [2] and Ireland et al. [11] was created. Three categories of notch shape were established: 1. A-shaped; 2. U-shaped; and 3. W-shaped (Fig. 2a-c ). An ''A-shaped'' notch was defined as a notch shape that narrowed from base to midsection to apex by visual inspection. A ''U-shaped'' notch was one that the midsection did not taper from the base. Finally, a ''W-shaped'' notch was one that exhibited characteristics of a ''U-shaped'' notch but also had two apparent apices rather than a classic flat roof. Two blinded independent orthopedic surgeons were asked to categorize the recorded notches based on these criteria at two separate time intervals, over 1 week apart. The first observer was an orthopedic surgeon with 3 years experience while the second observer was an orthopedic surgeon with 15 years experience. Each was blinded to the others' classification of each notch and at the time of second-look categorization, each was blinded to their own original classification. Finally, for further statistical analysis, the observers were asked to reconcile classification differences (in the second-look data) among each other by gentle discussion.
Statistical analysis
Intra-observer and inter-observer reliability of the evaluation of the notch shape were run using a Kappa coefficient. Once the categorization for each notch shape was established, the relationship between notch shape and measured dimensions (width at bottom, width at middle, width at top, and notch height) was evaluated with the Kruskal-Wallis test. Further, Mann-Whitney post hoc analysis (with Bonferroni correction) was performed to identify which shape among the three contributed maximally to statistical significance, if any. Finally, the notch shape was compared to demographic information obtained for each patient (age, gender, height, weight, and BMI). For the continuous variables, a Kruskal-Wallis test was used, while for the nominal variables, a chi-squared test with standardized residuals was used to evaluate for significance. Notch dimensions, irrespective of shape, were compared between male and female patients with an independent t test. Finally, the frequency of single-versus double-bundle ACL reconstruction performed in the cohort was evaluated with respect to each notch shape.
Results
The age of the 102 patients evaluated was 24 (14-66), with a height and weight of 1.72 m (1.52-1.95) and 73 kg (43-134), respectively. Fifty-six patients were men and 46 were women. The distribution of the notch shapes is displayed in (Table 1) . Intra-observer kappa score for the first observer was 0.513 while that of the second observer was 0.610. Inter-observer kappa score among the two observers was 0.526.
The notch width at the base, middle, and top of the notch as well as notch height for each notch shape is shown in Table 2 . There was a statistically significant difference between width at the base of the notch among the three groups (P = 0.010). Post hoc analysis demonstrated with statistical significance that the ''A-shaped'' notches were narrower at the base than ''U-shaped'' notches (P = 0.003). Fig. 2 Three categories of notch shape are shown in arthroscopic images of the right knee. a ''A-shaped'' notch, defined as a notch shape that narrows from base to midsection to apex. b ''U-shaped'' notch, defined as a notch shape in which the midsection does not taper from the base. c ''W-shaped'' notch, defined as a notch shape that exhibits characteristics of a ''U-shaped'' notch but also has two apparent apices rather than a classic flat roof There was also a statistically significant difference between the width at the middle of the notch among the three groups (P = 0.001). Post hoc analysis demonstrated with statistical significance that the ''A-shaped'' notches were narrower at the middle of the notch compared to ''U-shaped'' notches (P \ 0.001).
Additionally, there was a statistically significant difference between the width at the top of the notch among the three groups (P \ 0.001). Post hoc analysis demonstrated with statistical significance that the ''A-shaped'' notches were narrower at the top of the notch compared to ''U-shaped'' notches (P \ 0.001).
No statistical significance was found when comparing notch height among the three groups (P = 0.514).
Evaluation of notch type when compared to gender is shown in Table 3 . When relating notch shape to gender, no statistical significance was shown (P = 0.056); however, a trend was seen toward more ''A-shaped'' than ''U-shaped'' notches in female patients. The statistical significance of other demographic data with respect to notch shape is shown in Table 4 . Of these demographic variables, only patient height was found to influence notch shape with a relation between taller patients and ''U-shaped'' and ''W-shaped'' notches (P = 0.011).
Notch dimensions, regardless of shape, were compared between male and female patients in this study. Mean notch widths at each level as well as notch height are shown in Table 5 . Notch width at the base and middle were found to be smaller with statistical significance in women compared to men.
Finally, for interest, the percentage of patients identified as having ''A-shaped'' notches that were converted to single-bundle ACL reconstruction was 14.3% while singlebundle conversion rate for ''U-shaped'' notches was 6.3%.
Discussion
The most important findings of the present study was that ''A-shaped'' notches were narrower at the base, middle, and top of the notch entrance than ''U-shaped'' notches. This is important as narrower shapes can have implications not only for predisposition to ACL injury, but also to surgical technique. Those notches with narrower dimensions may decrease visibility of the lateral wall, especially when viewing from an anterolateral portal. This, in turn, may lead the surgeon to perform a notchplasty to better visualize the ideal femoral insertion site. Of course, when viewing from an anteromedial portal, this viewing difficulty may be obviated. At our institution, part of the surgical algorithm of the senior author to perform anatomic double-bundle ACL reconstruction versus an anatomic single-bundle reconstruction is whether the notch has space to accommodate two bundles. A narrower notch (in particular at the base) decreases this particular surgeon's threshold to convert an anticipated double-bundle ACL reconstruction to a single-bundle reconstruction (as shown by the higher percentage conversion in ''A-shaped'' notches compared to ''U-shaped'' notches). Of course, there are other factors that contribute to this decision (i.e., a small ACL insertion site, severe osteoarthritic changes, severe bone bruising, multiple ligamentous injuries, open physes [15, 17, 21] ) and as such, cannot be reliably statistically compared.
In addition to our study, two other studies make an attempt to describe notch morphology. Anderson et al. describe an ''inverted U''-shaped notch as well as four other shapes based on slight variations in notch wall curvature as seen on CT evaluation [2] . Ireland et al. [11] used P value of gender comparison is listed in third column for each notch dimension SD standard deviation plain radiographs to describe a notch type that is narrower at the base than the apex and labeled this an ''A-shaped'' notch. Notches that did not taper as such were considered ''non A-shaped'' notches. It was found that ''A-shaped'' notches were smaller in width and NWI compared to ''non A-shaped'' notches based on this plain radiograph study, which corresponds with the results from the present study. Patient height was found to be significantly greater in ''U-'' and ''W-shaped'' notches compared to ''A-shaped'' notches. Patient height was evaluated, compared to notch volume and ACL volume by Charlton et al. [4] . This study concluded that taller patients were more likely to possess greater notch volumes and greater ACL volumes. In addition, Murshed et al. [14] found that anthropometrically, notch height is greater in men than women. Our study adds to previous conclusions by also suggesting that taller patients are more likely to have a ''U-shaped'' notch. While Chaudhari et al. [5] found a positive correlation between patient weight and notch volume, our data did not find a significant correlation between notch shape and patient weight or BMI.
When notch dimensions were compared between genders, regardless of notch shape, it was found that women had a statistically smaller mean notch width at the base and middle than men. This is consistent with other studies that determined with radiographic measurements that women had smaller notch dimensions than men [4, 6, 7, 14, 19, 20] . No difference in notch height was found in this study.
The femoral notch has been a topic of study for the past two decades. There have been a significant number of studies that suggest that the notch width (absolute width and notch width index) can be correlated to ACL rupture [2, 3, 8-10, 12, 16, 18] . Studies have also shown that women have smaller notches and NWI than men, suggesting that this smaller notch may contribute to a higher frequency of ACL rupture in women [4, 6, 7, 14, 20] . In these studies, the notch has most commonly been evaluated by plain radiographs. The primary drawback of plain radiography is that a precise angle of X-ray is necessary to optimize notch visualization and this optimal angle can vary slightly between individuals [1] . Other studies have evaluated notch dimensions by three dimensional imaging (CT or MRI). The perceived drawback with this type of evaluation is magnification error as well as difficulty in identifying the optimal cut for notch outlet evaluation. With direct arthroscopic visualization in our study, the aim was to categorize notch appearance and also directly measure the outlet dimensions in patients with arthroscopically proven ACL rupture. Direct measurement is free of magnification error and can accurately measure the dimensions of the actual outlet of the notch, the locus where presumed stenosis and graft impingement occur.
A limitation of this study is that there was no control group (patients with intact ACLs) whose notch dimensions were measured. With this group, comparison of notch shape frequency, notch dimensions, and demographic data could be compared to assess possible notch-related risk factors to ACL injury. This is an opportunity for a future study.
Conclusion
In conclusion, this study has offered a classification of notch shapes based on arthroscopic evaluation with acceptable intra-observer and inter-observer reliability. This classification scheme was intended to categorize notch shape based on surgeon visual inspection. In our study, this visual inspection is further supported by numerical data verifying the surgeons' ability to perceive notch shape based on predetermined criteria for ''Ashaped'' versus ''U-shaped'' versus ''W-shaped'' notches. It has also demonstrated that ''A-shaped'' notches are narrower in every dimension, including the base, when compared to ''U-shaped'' and ''W-shaped'' notches. Furthermore, increased patient height has a statistically significant association with ''U-shaped'' notches. Women, regardless of notch shape, have a smaller notch width at the base and middle of the notch. Ultimately, having an ''A-shaped'' notch may result in greater technical difficulty in femoral tunnel access and drilling from the anteromedial portal. With this data, surgeons who enter the knee and appreciate an ''A-shaped'' notch should consider placing the arthroscope in the anteromedial portal and drill the femoral tunnel through an accessory medial portal to improve visualization and accuracy in anatomic femoral tunnel creation. With ''A-shaped'' notches being narrower at every dimension, these notches may be less likely to accommodate a double-bundle ACL reconstruction.
